In this study, 60 solder compositions were examined in an effort to improve the integrity against impact loads of the solder joints on an electroless Ni-P/Au surface finish. The Ag, Cu, and Ni contents in the Sn-based solder varied from 0 to 4.5 wt%, 0 to 2.0 wt%, and 0 to 0.05 wt%, respectively. Impact shear tests were performed to investigate solder joint integrity after solder ball reflowing, after reflow soldering twice more, after storage at room temperature for 168 hours, and after storage at 150°C for 1,000 hours. According to the results, the Ag content should be as low as possible, the Cu content should be from 0.5 to 0.7 wt%, and the Ni content should be as high as possible. The Ag and Ni contents should be determined in consideration of the wettability and the board-level reliability of the solder joints.
Introduction

Trends
With the miniaturization and very large scale integration of circuits in Si devices, the latest semiconductors for automotive products such as car navigation systems require fine-pitch flip-chip BGA packages (FCBGA) whose BGA solder joints consist of solder balls and electroless Ni-P/ Au (ENIG) surface finish pads, as shown in Figure 1 . Leadfree solders like SnAg 3 Cu 0.5 , which are very brittle and much weaker than tin-lead ones against impact loads, are used for the BGA solder joints of the package. [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] These solder joints tend to come off easily during handling or transportation. To resolve this problem, the improvement of the solder joints against impact forces and boardlevel thermal cyclic properties is required.
Impact loads During Transportation
To determine the direction of the impact loads during transportation, FCBGA packages were packed into a tray container on a transporter, and the gravitational accelerations of the packages were monitored. These accelerations are plotted in Figure 2 . The graph shows that the shock that came from the horizontal direction (the X-axis) was higher than that from the vertical direction (the Z-axis).
Therefore, impact shear testing rather than pull testing was used to measure the impact properties of solder joints.
Experiments
Test vehicle
The design of the test vehicle, which was 27 mm × 27 mm and had 720 BGA pads with a 0.8 mm pitch, is shown Fig. 1 Structure of FCBGA and its pad surface finish. 
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in Figure 3 . The BGA pad surface finish consisted of ENIG, with Ni plating and Au plating from 1.6 to 2.0 μm and from 0.07 to 0.10 μm, respectively. The content of P in the Ni plating varied from 9 to 11 wt%. After feeding watersoluble flux to the substrate pads, 0.500 mm diameter solder balls were attached to the black solder pads shown in Figure 3 , which had a pad opening diameter of 0.400 mm. Next, the solder balls were reflowed at 250°C as shown in Figure 4 and the flux residue was removed using de-ionized water.
Compositions of solder ball
In this study, 57 solder alloys were examined in an effort to improve the integrity of the solder joints against impact loads. The concentration of Ag, Cu, and Ni in the Sn based solder varied from 0 to 4.5 wt%, 0 to 2.0 wt%, and 0 to 0.05 wt%, respectively, as shown in 
Impact shear testing
An impact shear tester (Dage 4000-HS) was used to investigate the impact properties of the solder joints, as shown in Figure 5 . [11] The speed of impact testing ranged from 10 mm/s to 4,000 mm/s. Both the shear load and the fracture energy of solder joint were plotted. Figure 6 shows the relationship between the shear load and the fracture energy of the solder joints. According to our previous studies, the fracture energy of solder joints can describe their integrity more clearly than the shear load. [12] [13] Therefore, the fracture energy of the solder joints was also used in this study to assess the solder joint integrity. Impact shear tests were performed immediately after solder ball reflowing, after reflow soldering twice more, after storage at room temperature for 168 hours, and after storage at 150°C for 1,000 hours. 
Results and Discussion
Shear speed
The minimums of the fracture energies of the Sn-Ag-Cu solder joints are plotted as functions of their Cu content in Figure 7 show that the sensitive shear speeds were 10 mm/s and 100 mm/s. Furthermore, Figure 8 shows that the fractures occurred mainly in the solder bulk at the speed of 10 mm/s, and almost all the fractures occurred in the intermetallic compound layer at the speeds of 1,000 mm/s and 4,000 mm/s. Therefore, the most sensitive shear speed to distinguish the impact property seems to be 100 mm/s.
Cu content effect on impact shear property
From Figure 7 , the fracture energies of SnAg x Cu 0.5 and SnAg x Cu 0.7 solder joints were higher than those of SnAg x Cu 0 , SnAg x Cu 0.1 , where x varied from 0 to 4.5 wt%.
It seems that these differences were caused by changes in the intermetallic compound (IMC) composition. For example, the SEM images in Figure 13 show cross-sections of the solder joints of SnAg 0 Cu y alloys on ENIG pads and fractures due to the impact shear tests, where y varied from 0 to 0.7 wt%. The compositions of the IMC layers were identified using an EPMA (electron probe microanalyzer) and EDX (energy dispersive X-ray fluorescence spectroscopy). 
Ag content effect on impact shear property
Ni content effect on impact shear property
The effect of the Ni content on the fracture energy of the Sn-Ag-Cu-Ni alloys is shown in Figure 12 . 
Effects of pre-conditions
The effects of pre-conditions on the fracture energy of Sn-Ag-Cu solder joints are plotted in Figure 14 of the data for the Sn-Ag-Cu-Ni and common solder alloys like 
Conclusions
The mechanical shock durabilities of Sn-based solder alloys, with Ag, Cu and Ni contents varying from 0 to 4.5 wt%, 0 to 2.0 wt%, and 0 to 0.05 wt% respectively, on an electroless Ni-P/Au surface finish, were investigated by impact shear tests at the speed of 100 mm/s under various pre-conditions. The results show that the following points are important for solder alloys to perform well:
(1) The Ag content should not be more than 3.0 wt%, and solder alloys with 0 wt% Ag content will be stronger than the others against mechanicals shocks.
(2) The Cu content should be from 0.5 to 0.7 wt%.
(
3) The Ni content should not be less than 0.05 wt%. 
